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In the field of numerical cognition it is often highlighted that the domain-specific systems, referred
to as “Approximate Number System” (ANS), or “The Number Sense” (NS)1, constitute the basis
for mathematical skills (Feigenson et al., 2004; Dehaene, 2011). However, recently, Leibovich et al.
(2016) stressed the role of domain-general factors, especially cognitive control, in the formation of
elementary numerical abilities. Here we would like to show that these domain-general processes
are not only crucial for the formation of number concepts, but in our view, appear to be integral to
all aspects of number processing.
Performing both simple numerical processing tasks as well as advanced mathematics requires
involvement of domain-general processes apart from domain-specific components. The input
material has to be perceived and preprocessed, if necessary stored in (working) memory, processed,
and a decision needs to be made. Eventually, all this may lead to a response being given. For
the importance of such processes see e.g., LeFevre et al. (2005) and Rousselle et al. (2004).
Nevertheless, as numerous studies have shown, domain-general processes cannot be considered
only to be providing material to domain-specific processes and then sending back the results.
The domain-general processes are rather deeply involved in the information processing path.
Focusing on domain-general processes seems necessary from an empirical point of view as
well. Over two decades of extensive research aimed to show a relationship between signatures
of elementary number/quantity processing2 and math skills have not led to consistent results
(De Smedt et al., 2013; Lyons et al., 2015). Observed weak relationships between ANS measures
and math achievement (r’s ≈ 0.15) often vanish altogether when domain general factors are
controlled for (e.g., Gilmore et al., 2013; Szucs et al., 2014). Importantly, not only performance in
1The term “Approximate Number System” usually refers to the ability of processing nonsymbolic numerosities (e.g., dot
patterns; see e.g., Halberda et al., 2008). To the contrary, the term “Number sense” refers to the whole domain of elementary
number processing (e.g., Dehaene, 2001), which apart from approximation of nonverbally presented numerosities comprises
also subitizing (ability to quickly and effortlessly assess the number of elements of small sets containing less than 4 elements),
understanding of the correspondence between symbolic and nonsymbolic numbers, or dot counting. Nevertheless, it should
be mentioned, that the definition of the “number sense” differs vastly between authors. Berch (2005) lists 30 components
of the number sense proposed by various authors. In general, when used by psychologists, the term “number sense” usually
refers to more elementary processing of numerical information (especially nonsymbolic is emphasized), whereas in the field
of education it also comprises more complex processes, such as arithmetic knowledge and simple calculation skills.
2Behavioral effects observed in tasks requiring number processing such as associating numbers with space, differences in
reaction time and/or accuracy of comparing numbers / sets depending on numerical differences between stimuli to be
compared.
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non-symbolic tasks does not seem to be genuinely related
to arithmetic skills. The same holds true also for Spatial-
Numerical Associations (SNA) and signatures of elementary
numerical processing (Cipora and Nuerk, 2013; Cipora et al.,
2015, 2016). While any inference from elementary non-symbolic
numerical cognition to advanced arithmetic capabilities (the
symbol grounding problem; see Leibovich and Ansari, 2016
for review) is far from being clear-cut, there is no doubt
that domain-general factors play an important role, both in
the case of tasks that are used for measuring NS/ANS (Szucs
et al., 2014), and in more complex math performance (Desoete,
2015).
To provide an overview, in the following paragraphs we
present three examples that cover domain-general factors
operating at varying levels of information processing: from
visual grouping through strategic attentional allocation up to
inhibition. We discuss how these domain-general processes
influence varied areas of numerical cognition, starting from
dot set comparisons/estimations through multi-digit number
processing up to calculation. These examples are not exhaustive
but are aimed at showing the tight relationship between domain-
general cognitive factors and number processing at different
levels.
VISUAL GROUPING
Despite spatial arrangement of digits being irrelevant to the
operation order from a content point of view, Landy and
Goldstone (2010) found that it affects performance when solving
simple arithmetic problems. For instance, a spatial separation of
digits congruent with the rules of arithmetic, such as 2+ 2×2 was
shown to facilitate calculation performance. RTs are shorter than
in incongruent trials, such as 2+2 ×2. Thus, the processing of
formal operations is systematically biased by the spacing between
the symbols. Namely, non-formal properties, such as spatial
information, may interfere with knowledge about the order of the
operations. This effect does not only hold for arithmetic. Landy
and Goldstone (2007) showed that features such as similarity
or connectedness affect performance in algebraic problems.
Although Landy et al. (2014) interpret these results with respect
to the SNA, they may also be understood with reference to
general rules of perception, that is, the Gestalt law of proximity
(Wertheimer, 1923) and other domain-general factors. Namely,
performance in such calculation tasks can be modulated by
perceptual factors (influencing visual grouping of the stimuli
presented) that affect performance in classical tasks assessing
cognitive control (e.g., executive attention tasks). Similar effects
were previously demonstrated to influence the interference effect
in the flanker task (Eriksen and Eriksen, 1974). Interference is
smaller when a target stimulus and distractors (“flankers”) are
spatially further apart (Miller, 1991).
Summing up, visual grouping processes that are evident in
several domain-general cognitive tasks also play a considerable
role in number processing at different levels, and to-be-
inhibited visual stimuli are semantically processed, influencing
task performance.
ATTENTION AND CONFLICT MONITORING
Multi-digit number processing (Hinrichs et al., 1981) also
depends largely on domain-general processes (Huber et al.,
2016). Multi-digit integers are composed of at least two
Arabic digits, arranged in place-value order. Usually processing
these numbers requires focusing on digits placed in particular
positions, while refraining from processing other numbers.
For instance, assessing parity requires focusing only on the
unit. On the other hand, comparing magnitudes requires
focusing on the highest powers of 10. Only when digits in the
highest power position are equal, one needs to systematically
move stepwise toward the lower power positions. Thus, such
tasks require an appropriate strategy for the allocation of
attentional resources. Unsurprisingly, in both of these tasks,
robust compatibility effects were observed (Nuerk et al., 2001,
2015). In the magnitude comparison task RTs are shorter
and error rates are lower in case of unit-decade compatible
number pairs, i.e., 53_68 (5 < 6 and 3 < 8). In case of
incompatible pairs such as 48_63 (4 < 6 but 8 > 3) RTs
increase and error rates are higher (Nuerk et al., 2001). The
same is true in case of processing magnitudes of decimals,
fractions, and negative numbers (Huber et al., 2015). In multi-
digit number processing tasks, signatures of cognitive control
processes known from classical experimental psychology are also
observed. For instance, when the proportion of incongruent
trials in the Stroop task decreases, interference caused by
them increases (MacLeod, 1991). Analogously in the multi-
digit number comparison task, as the ratio of incompatible
vs. compatible trials decreases, the unit-decade compatibility
effect gets stronger (Macizo and Herrera, 2013; Huber et al.,
2016).
Furthermore, it was demonstrated that participants allocate
their attention depending on the task conditions. When the
number comparison task comprises only between-decade trials
(e.g., 47_62 or 42_57; the decade numbers differ and are
decisive for the decision), participants tend to focus on
decade magnitude, and the effect of unit-decade compatibility
is reduced or disappears totally, because the irrelevant unit
causing interference is rarely attended (Huber et al., 2014).
When the within-decade filler trials (i.e., trials in which the
unit digit is decisive, e.g., 42_47) are introduced, the unit-
decade compatibility effect increases, because participants fixate
more on the units even in between-decade trials. Eye-fixation
behavior and unit interference has been shown to depend on
the proportion of fillers: The more often the unit digit is
relevant, the larger the proportions of fixation on the unit in the
experiment and the larger the unit-decade compatibility effect
(Macizo and Herrera, 2011; Moeller et al., 2011; for children see
Mann et al., 2011; Huber et al., 2014). Thus, the effects observed
in studies on multi-digit number processing (i.e., proportion
of congruent and incongruent trials as well as presence of
fillers) correspond to the typical pattern of behavior in tasks
assessing cognitive control (including executive attention). Both
effects could be explained with reference to conflict monitoring,
namely, that the participants unconsciously choose a strategy
that is optimal for handling given task requirements and the
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overall degree of interference contained in them (Botvinick
et al., 2001). On the other hand, when the distance between
the unit digits of the two numbers in a number pair is large,
unit-decade compatibility appears to be greater (Nuerk et al.,
2001). This suggests that this effect is modulated by domain-
specific processing of the multi-digit number (Bahnmueller et al.,
2015).
Summing up, we can say that domain-general processes
involved in allocating attention and conflict monitoring play
an essential role in multi-digit number processing as well.
Nevertheless, further research is needed to shedmore light on the
interplay between domain-general and domain-specific factors in
this field.
THE ROLE OF INHIBITION
The previous paragraphs focused on the processing of symbolic
numbers. Now effects of domain-general processing on non-
symbolic magnitudes will be discussed. The non-symbolic
magnitude comparison task, in which participants compare
two numerosities, like sets of dots, is thought to provide
a measure of the efficiency of the ANS as assessed by the
internal Weber fraction (Piazza et al., 2004, 2010; Gilmore
et al., 2011). The ANS is considered to be a domain-specific
cognitive module to compare numerosities regardless of the
visual properties of objects. In such tasks it is impossible,
however, to isolate numerosities from visual properties of the
stimuli (Gebuis and Reynvoet, 2012; Szucs et al., 2014). In
practice, researchers try to manipulate the visual parameters
across trials so that none of these parameters is necessarily
linked to the number of dots. The individual trial may
be congruent (numerical cue and visual parameters would
be leading to the same response) or incongruent (they
would lead to opposing responses). This situation leads to
a Stroop-like congruency effect, which is expressed as the
difference in RT and accuracy between both types of trials
(Soltesz et al., 2010). As a rule, children show a larger
congruency effect than adults (Szucs et al., 2007). Some
explanations take recourse to domain-specific factors, such as
an impaired ANS, but others to the influence of cognitive
control (Szucs et al., 2013). According to the latter, the
congruency effect occurs as a result of distraction by the task-
irrelevant visual cue and inefficient inhibition of processing
these features in incongruent trials. Thus, the larger congruency
effect in children appears as a consequence of their poorer
inhibition ability (Huizinga et al., 2006). Furthermore, although
performance in typical ANS tasks correlates positively with
children’s mathematical achievement—which would provide
evidence for the importance of the ANS for mathematical
skills (Piazza et al., 2010)—this relation is modulated by
inhibitory control (Espy et al., 2004). Gilmore et al. (2013)
showed that the correlation of performance in ANS tasks
and mathematical performance appears to be significant only
when incongruent trials (i.e., those requiring inhibition) are
considered. Developmental trajectories of refinements of number
representations are to some extent congruent with developmental
trajectories of improvements in cognitive control (Gilmore et al.,
2013).
Summing up, it seems that the role of domain-general
processes in a flagship of numerical cognition studies—the
non-symbolic comparison task—has been often neglected (see
Leibovich et al., 2016, for similar arguments). Executive functions
seem to mediate the widely-debated relation between the non-
symbolic comparison task and school math achievement.
CONCLUSIONS
The above examples were chosen to show that different levels
of domain-general processes influence numerical cognition at
different levels of numerical processing. Therefore, we argue
that their influence should be considered more thoroughly
and systematically in the future in both correlation and
experimental designs. From the examples we presented, one may
get the impression that the simplest aspects of number/quantity
processing are influenced by domain-general factors acting
relatively late in the sequence of information processing steps,
whereas more complex numerical processing is influenced by
domain-general factors operating at early stages of information
processing. Nevertheless, we would rather refrain from such a
conclusion, and instead stress the existence of such influences
across all levels both for domain-general factors and elementary
number processing.
The aspects we pointed at are only notable examples to
illustrate our argument in this article. One could list several
other cognitive processes that are tightly related to number
processing: Working memory plays a crucial role in performing
complex arithmetic operations, where one needs to retrieve
facts from long-term memory, conduct several operations, store
interim results, and systematically update them to prevent
interference (LeFevre et al., 2005). Executive functions play
an important role not only in non-symbolic comparisons but
correlate strongly with school math performance (Van der Ven
et al., 2012). Complex reasoning, mental transformations, and
ability to follow appropriate rules play a vital role in conducting
mathematical proofs. Linguistic factors were also demonstrated
to influence several aspects of numerical processing (see Dowker
and Nuerk, 2016 for an overview). We are aware that many
other influences exist. However, this opinion article is aimed
at pointing out the importance of domain-general influences
on different levels of number processing by choosing specific
examples. A comprehensive review is beyond the scope of this
opinion piece.
Summing up, we strongly emphasize that domain-general
factors need to be more widely and thoroughly considered in the
field of numerical cognition. In several areas, the role of domain-
general factors seems to be at least as important (and sometimes
apparently more important) than the role of domain-specific
factors (Szucs et al., 2014). Therefore, we would like to stress
that the crucial role of these processes is by no means limited to
NS/ANS and as such, it must be intensely investigated along with
domain-specific factors in virtually all fields within numerical
cognition.
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